River and its tributaries, and in irrigation canals in southern Alberta, Canada, were monitored during 1998, 1999 and 2000. High FC and EC counts were found in drainages from agricultural lands in all years and in the Oldman River downstream of the City of Lethbridge wastewater treatment plant (WTP) during 1998. A significant decrease in the FC and EC concentrations downstream from the Lethbridge WTP was observed in 1999, after an upgrade to the WTP, which included a UV disinfection system. Spikes in FC and EC concentrations were observed in surface waters following heavy rainfall events. It is possible that a decrease in precipitation was responsible for decreases in the FC and EC concentrations observed in the Oldman River over the three years of the study. The increase in FC and EC counts in the tributaries and irrigation canals during this same period presumably reflects greater waste inputs from agricultural lands.
Introduction
It has been estimated that waterborne diseases kill more than 5 million people annually (Hunter et al. 2002) . The microbial pathogens responsible for most of these deaths originate from human and animal feces. These wastes contaminate water through a variety of means including direct discharge, surface runoff and seepage through groundwater. Fortunately, simple water treatment procedures such as chlorination inactivate the majority of these pathogens. Therefore, most cases of waterborne disease result from the consumption of inadequately treated water. However, it must also be noted that certain of these pathogens, such as the protozoan parasites Cryptosporidium and Giardia, are very resistant to chlorine (Carpenter et al. 1999; Korich et al. 1990 ).
In Canada, there have been a number of recent disease outbreaks associated with contaminated drinking water (Glover et al. 1992; Johnstone et al. 1991; Langille et al. 1992; Stirling et al. 2001) . In Walkerton, Ontario, in May of 2000, an estimated 2300 individuals were affected and 6 deaths occurred following the accidental consumption of untreated drinking water which contained Escherichia coli O157:H7 and Campylobacter jejuni (BruceGrey-Owen Sound Health Unit 2000; Health Canada 2000) . In this outbreak, surface water flow from a nearby cattle farm is thought to have contaminated a well which contributed to the town water supply. This and other incidents have raised concerns about the risks to human health of living in communities with intensive animal agriculture.
In Alberta, the southern portion of the province is reported to have the highest rates of gastrointestinal illness (Waters et al. 1994 ). This region is characterized by very low annual precipitation rates, an extensive crop irrigation system and a bourgeoning animal agriculture industry. Much of the field crop production is used as feed for animal agriculture and there are numerous large cattle feedlot operations as well as facilities for raising other domestic animal and poultry species. Manure waste from these intensive livestock operations is spread on neighbouring agricultural lands. In addition, there are several towns and villages and the City of Lethbridge that discharge treated wastewater into the Oldman River. While detailed epidemiological studies have not been conducted, there is a suspicion that waterborne transmission of pathogens to humans and among animal species may be responsible for the increased incidence of human enteric disease in the region.
Fecal coliforms (FC) and E. coli (EC) are widely used as indicators of fecal contamination in water (Hagedorn et al. 1999; Harwood et al. 2000; Hunter et al. 2000; Kaspar et al. 1990; Parveen et al. 1999) and have been shown to be positively correlated with the presence of pathogenic enteric bacteria (Hunter et al. 2000; Rice and Johnson 2000) . This investigation considers the spatio-temporal distribution of fecal coliforms and E. coli in the Oldman River basin of southern Alberta, Canada, over a three-year period, from April of 1998 to December of 2000.
Materials and Methods

Study Area
The Oldman River is a tributary of the South Saskatchewan River, which passes through the southern portion of the province of Alberta (Fig. 1) . The Oldman River flows eastward from headwaters in the Rocky Mountains through foothills and prairie. The watershed is 22,641 km 2 and has a population of approximately 200,000 living in rural farms and villages and in the City of Lethbridge (ORBWQI 2000) .
The basin contains two major irrigation districts; the Lethbridge Northern Irrigation District (LNID), lying north of the Oldman River main trunk, and the Saint Mary River Irrigation Project, lying south of the main trunk. The LNID contains the greatest density of livestock operations in the basin, with up to 426 head of cattle/km 2 , the highest livestock density in southern Alberta (Fent, Unpublished data) . The geographic information system (GIS) ArcView 3.2 was used to divide the Oldman River basin into 27 sub-basins; two of the largest sub-basins contained sampling sites used in the study: the upper and the lower Oldman subbasins (Fig. 2) . The upper Oldman sub-basin is located upstream of the City of Lethbridge and the lower sub-basin is downstream of the city. The lower sub-basin has 140 cattle/km 2 , whereas the upper Oldman has 57 cattle/km 2 .
Water Sample Collection and Site Locations
Water samples were taken upstream from foothold using a pole, which reached approximately 30 cm below the surface of the water; samples were collected in sterile 250-mL plastic bottles, placed on ice and transported to the laboratory to be tested before the end of the next day. Water samples were collected regularly (weekly, bi-weekly, tri-weekly, or monthly) by staff of Alberta Environment at 30 sites in the Oldman River basin, fourteen of which were on the Oldman River trunk (Fig. 2) . The remaining sixteen sites were either on tributaries of the Oldman River (sites 1, 3, 4, 7, 8, 10, 11, 14, and 22) or irrigation drainage canals (sites 16, 19, 21, 23, 24, 26, and 28) . Twenty-two of the sites lie within the upper and lower Oldman River sub-basins. Each sub-basin has eleven sampling sites, and eight sites (1, 2, 3, 4, 8, 11, 14, and 23) are not within either of these sub-basins (Fig. 2) (Fig. 2) . Site 16 is located in a small stream that enters the Oldman River between sites 15 and 17. A LNID return canal flows into the river directly upstream of both site 16 and of site 17; two LNID canals also flow into the river upstream of site 18. Site 18 is also located immediately downstream of the City of Lethbridge wastewater treatment plant (WTP) and site 17 is immediately upstream of the WTP.
Water Sample Analysis
FC and EC were enumerated by a membrane filtration technique at the Provincial Laboratory of Public Health, Foothills Hospital, Calgary, Alberta. Counts represent the total number of bacteria (as colony-forming units, CFU) per 100 mL.
Spatial and Temporal Distribution of FC and EC
FC and EC counts above 200 CFU/100 mL, the Canadian Recreational Water Quality Guideline (CRWQG) (Health Canada 1992), were mapped in ArcView GIS (version 3.2 ESRI, Redlands, Calif.) in Ten Transverse Mercator (TTM) projection. Land variables, such as livestock distribution, human populations, WTPs and irrigation canal outflow points were imported into ArcView as themes and mapped along with the FC and EC data. Spatial data for southern Alberta was obtained from L. Fent (Government of Alberta, Sustainable Resource Development, Edmonton, Alberta). Rainfall data from the Connelly Creek weather station was obtained from L. LaFlamme (Alberta Environment Climate Services, Edmonton, Alberta).
Results
Major Trends in the Study Area
Twenty-four of the thirty sites (80%) had at least one sample date during the three years of study where FC levels were above 200 CFU/100 mL (Fig. 3, 4) . Sites 1 to 5 (the sites furthest upstream and closest to the Rocky Mountains) and 9 (Oldman River at Fort MacLeod) did not have any samples with FC concentrations over 200 CFU/100 mL (Fig. 2, 3) . Upper Oldman River sub-basin sites 1 to 6, site 9 (Oldman River at Fort MacLeod), site 13 (Oldman River downstream of the Belly River), and site 17 (Oldman River at Hwy 3 Bridge, Lethbridge) also did not have any EC levels above 200 CFU/100 mL from 1998 to 2000 (Fig. 3) .
Seven sites (7, 8, 18, 19, 20, 21, and 22 ) had FC concentrations above 200 CFU/100 mL in 25% or more of the samples taken over the three-year study period (Fig. 3) . All but two (site 18, downstream from the City of Lethbridge WTP and site 20, downstream from Picture Butte) are from waters entering the Oldman River from agricultural lands. Sites 18 (downstream of Lethbridge WTP) and 19 (Piyami Drain) had the highest number of water samples with FC concentrations over 200 CFU/100 mL, 50% (18/36) and 56% (15/27), respectively (Fig. 3) . Sites 18 and 19 also had the highest number of water samples with EC concentrations over 200 CFU/100 mL (Fig. 3) . Twenty-five percent of samples (11/44 samples) at site 18 and 48% of samples (13/27 samples) at site 19 were over 200 CFU/100 mL for EC.
In 1998 and 1999, the largest number of study sites with FC concentrations over 200 CFU/100 mL occurred in June, with 60% in 1998 and 41% in 1999 (Fig. 5) . In 2000, June, July and August had a relatively even distribution of sites with samples above the 200 CFU/100 mL limit (45% in June of 2000, 44% in July 2000 and 40% in August 2000; Fig. 5) .
Overall, in 1998, 24% of all basin samples had FC concentrations over 200 CFU/100 mL. In contrast, 1999 and 2000 had only 10% and 11%, respectively, of all samples above this level (Table 1) .
Agricultural Lands
All sixteen of the sites in waters entering the Oldman River from agricultural lands show FC and EC peaks in June, July and August. This is best illustrated by three agriculture sites: 7 (Pincher Creek at Hwy 3); 19 (Piyami Drain); and 22 (Little Bow River) (Fig. 6 ). Site 7 (Pincher Creek at Hwy 3), peaks occurred on August 4 in 1998 (380 CFU/100 mL) and on August 3 in 1999 (650 CFU/100 mL); no data are available for 2000 at this site. Site 19 summer peaks occurred on July 8 in 1998 (610 CFU/100 mL); July 20 in 1999 (870 CFU/100 mL); and on August 2 in 2000 (1100 CFU/100 mL). Summer peaks occurred on July 7, 1998 (1100 CFU/100 mL); August 12, 1999 (460 CFU/100 mL) and June 19, 2000 (210 CFU/100 mL) at site 22.
The lower Oldman sub-basin is located in an area of higher cattle density than is the upper Oldman (Fig. 4) ; as noted, 57 head of cattle/km 2 were located in the upper Oldman sub-basin, while 140 head/km2 were located in the lower Oldman sub-basin. During the three-year sampling period, all ten of the sampling sites (100%) within the lower Oldman River sub-basin had FC concentrations above 200 CFU/100 mL at least once, and 8 (sites 19, 20, 21, 22, 24, 25, 26 and 28) of the 10 sites (80%) had FC concentrations at, or over, 1000 CFU/100 mL one or more times (Table 1) . Twenty-four percent of all samples taken in the lower Oldman sub-basin were above 200 CFU/100 mL; 35% in 1998, 18% in 1999 and 16% in 2000 (Table 1) .
In contrast, only nine of the eleven sites in the upper Oldman subbasin were over 200 CFU/100 mL one or more times over the three-year period. Only two sites (15 and 16) of the eleven sites (18%) in the upper Oldman River sub-basin had FC concentrations at or over 1000 CFU/100 mL one or more times during the three years and 12% of the total samples taken in the upper Oldman sub-basin were above 200 CFU/100 mL; 23% in 1998, 6% in 1999 and 7% in 2000 (Table 1 ).
Precipitation
The study area experienced more precipitation during 1998 than in 1999 or 2000 (Table 2 , Fig. 7) . May was the peak month of precipitation in 1998 and 1999. In May of 1998, 16.5 mm of rain fell, whereas in 1999, only 7.0 mm fell, less than half of that seen in 1998. In 2000, the total precipita- a Values are given as: (# samples >200 CFU/100 mL)/(total # samples) * 100%; or as (# sites with concentrations of 1000 CFU/100 mL)/(total # sites) * 100%. (Table 2) . Thirtyfour percent of samples were over 200 CFU/100 mL between May and September 1998 (a high precipitation year), 8% in 1999 and 0% in 2000 (low precipitation years; Table 2 ). In contrast, sample sites located in irrigation drains and in tributaries of the Oldman River did not display a clear relationship between FC concentration and precipitation, as high percentages of samples over 200 CFU/100 mL were found in 2000, despite a low total rainfall in this year.
High levels of precipitation were recorded between June 12 and 16, 1998 (14 mm) and May 30 and June 2, 1999 (15 mm) (Fig. 8) . Six of fourteen sites (sites 16, 19, 20, 21, 22 , and 26) sampled on June 16, 1998, had a spike in FC concentrations, with an overall average FC concentration of 1000 CFU/100 mL across the fourteen sites (Fig. 8) . Seven of thirteen sites (sites 16, 25, 26, 27, 28, 29 and 30 ) sampled on June 2, 1999, had a spike in FC concentrations, with an average FC concentration of 2000 CFU/100 mL across the thirteen sites (Fig. 8 ). All sites with spikes in FC concentrations after rainfall events were in the Oldman River and in irrigation canals and tributaries located in the lower Oldman sub-basin.
The City of Lethbridge
The City of Lethbridge lies on the Oldman River between sites 15 and 18 (Fig. 3) . Site 15 is directly upstream of the city, site 16 is on a small stream entering the Oldman River within the city, site 17 is directly upstream of the City of Lethbridge WTP and site 18 is directly downstream of the WTP. In January of 1999, the City of Lethbridge finished upgrades to its WTP, including a UV irradiation system. Water entering the city at site 15 (Fig. 9a) had a low occurrence (10.8%, or 4 of 37 samples) of FC concentrations above 200 CFU/100 mL. Site 17 (Fig. 9c ) also had a low number of samples with FC concentrations over 200 CFU/100 mL (2.8%, or 1 of 36), despite a high concentration of these bacteria at site 16 (Six Mile Coulee, a small stream entering the river between sites 15 and 17). At site 16 (Fig. 9b) , FC levels were above 200 CFU/100 mL in 22% of all samples (12 out of 55 samples), and EC levels were above 200 CFU/100 mL in 11% of all samples (6 out of 55 samples). Not surprisingly, site 17 FC levels were also lower than those at site 18 (Fig. 9d ) (2.8% versus 50% 
Discussion
While most sites had both FC and EC concentrations above the CRWQG limit for recreational water (200 CFU/100 mL) at some time during the three-year study, fewer sites in the upper Oldman River sub-basin had high indicator bacteria counts than sites in the lower Oldman River sub-basin. Waters with the lowest FC and EC counts were nearest the river source waters in the Rocky Mountains, and those with the highest were downstream of areas with substantial agricultural activity. Doran and Linn (1979) found FC counts 5 to 10 times higher in runoff from grazed lands than in ungrazed lands. High FC levels at agricultural sites may be due to a number of factors such as domestic or wild animals defecating in or near the surface waters, runoff from manure applied to lands adjacent to surface waters and liquid effluent entering these waters from animal rearing operations entering these waters (Crowther et al. 2002; Tian et al. 2002) . Unfortunately, it was not possible to differentiate among, and quantify these sources of contamination in the present study.
In general, the highest FC and EC counts were from sites located near agricultural land during the summer months (compare Fig. 6 and 9 ), particularly after rainfall events (Fig. 8) . Others have also noted high levels of coliform bacteria in water during the summer (Geldreich 1996; Hunter and McDonald 1991; Tian et al. 2002) . This may be attributed to a number of factors, such as increased livestock distribution and numbers, and increased agricultural activity, including manure application to crops (Hunter et al. 2002) . Spikes in FC counts following rain storms have also been observed by other investigators. McDonald et al. (1982) , reported that coliform bacteria concentrations increased 10-to 30-fold following artificial release in water catchments; and Kistemann et al. (2002) found a 20-to 100-fold increase in fecal indicator bacteria concentrations transported to reservoirs during heavy rainfall. The high levels of fecal indicator bacteria found in the river water in our study was most likely due to rainfall runoff from agricultural lands and churning of the river waters, with resuspension of bacteria settled on the river bottom (McDonald et al. 1982) .
Total precipitation was higher in 1998 than it was in 1999 or in 2000 (Fig. 7a , b, c; Table 2 ). As would be expected, during the latter two years there was also a decrease in FC for sites on the Oldman River. Interestingly, no corresponding drops in FC counts with annual precipitation were observed in irrigation canals or tributaries of the Oldman River during this time (Table 2 ). It is possible that irrigation canals are not as affected by rainfall and runoff as is the natural water system. A possible explanation could be that in dry periods there would be an increase in irrigation, during rain a decrease in irrigation. The net effect may be to keep surface runoff into irrigation canals relatively constant in wet and dry years. Increased manure application or other inputs could also be responsible for increasing indicator bacteria counts in irrigation canals in certain years. In dry years, it is also possible that cattle would be given more access and would frequent tributary water more often on pasture, causing an increase in FC concentrations from direct introduction of feces into the water. Similar circumstances are thought to have been responsible for a waterborne outbreak of E. coli O157:H7 in Swaziland in 1992 (Effler et al. 2002) . In this case, a drought in the region is thought to have been responsible for cattle frequenting and defecating in streambeds. An outbreak of disease associated with this enteric pathogen occurred after a sudden torrential rain carried bovine feces containing this pathogen into the water.
As stated above, fecal indicator bacteria populations normally peak in the spring and summer months if the source of fecal pollution is livestock or agriculture runoff (Geldreich 1996; Hunter and McDonald 1991) . At site 18 (downstream of the City of Lethbridge WTP), a continuous high level of fecal indicator bacteria was found throughout 1998, with a moderate peak in the summer months. This suggests that a constant source of contamination, such as human waste, was responsible for the majority of this contamination (Brezonik and Stadelmann 2002) . In January of 1999, the City of Lethbridge completed an upgrade to their WTP. This upgrade consisted of discharge pipe repairs and system updates, including the addition of a UV disinfection system (City of Lethbridge 1999). The WTP upgrade appears to have substantially reduced concentrations of these indicator organisms.
